INTRODUCTION {#SEC1}
============

Genetic code engineering, expanding the set of non-canonical amino acids (ncAAs) that may be biosynthetically incorporated into proteins, is of increasing interest as a means of precisely endowing proteins with chemical functionalities that are not present in the natural set of 20 amino acids ([@B1]--[@B3]). The genetic code is often thought of as the straightforward pairing of mRNA codon with tRNA anticodon that specifies the amino acid sequence of a protein. A broader view of the genetic code includes the complete set of interactions that are involved in the conversion of information contained in the genome of an organism into the functional protein molecules that ultimately produce phenotypic behaviors.

The genetic code operates on at least three distinct levels where different sets of interactions affect the information transfer that is described in the code table. The pairing of mRNA codon with tRNA anticodon represents the primary genetic code. The idiosyncratic set of interactions between the complement of tRNA species and the suite of aminoacyl tRNA synthetase (aaRS) enzymes in an organism represents a second level of the genetic code ([@B4],[@B5]). The combined interactions between tRNA species and aaRSs specify that the appropriate amino acid is attached to the appropriate tRNA molecule. The set of protein--tRNA interactions that determine the extent and positioning of modified nucleobases in tRNA molecules represents a third level of the genetic code. tRNA modification influences each level of the genetic code, including the interactions of mRNA codons with tRNA anticodons and the interactions of tRNAs with their aaRSs ([@B6]). In addition, modified tRNAs serve regulatory roles modulating the interactions between the process of translation and cellular stress and metabolism ([@B7],[@B8]). The three levels of the genetic code are tightly connected: the pairing of tRNA anticodon to mRNA codon as a means of information transfer is limited by the efficiency of the joining of an amino acid to the appropriate tRNA, and the effectiveness of both processes are modulated by the modification of tRNA species.

Over 100 different modified nucleobases have been found in the various forms of RNA ([@B9]). The deamination of adenosine to inosine is the most common type of directed modification seen in RNA and is catalyzed by two classes of adenosine deaminases acting on RNA or tRNA ([@B10],[@B11]). A to I editing of mRNA is pervasive in eukaryotes and occurs at over 100 million sites in the majority of human genes ([@B12]). The overwhelming majority of A to I changes in mRNA occur in untranslated regions, and their precise functions, presumably regulatory, have not yet been discerned. A to I editing is essential for development of the brain and is implicated in increasing the diversity of neuronal transporters and ion channels ([@B13]).

Modification of tRNA is widespread and essential for the proper functioning of the translational apparatus in all kingdoms of life. In *Escherichia coli* (*E. coli*), one of the three model systems for which the full extent of modifications has been mapped, the 46 tRNA species contain an average of 7.5 modified bases, ∼10% of the entire tRNA molecule ([@B6]). All *E. coli* tRNAs contain the modified bases ribothymidine and pseudouridine in the T-Psi-C loop, and 90% of *E. coli* tRNAs contain at least one dihydrouridine in the D stem loop (Figure [1](#F1){ref-type="fig"}). Although the most prevalent modifications occur in the T-Psi-C and D stem loops, the greatest diversity of modifications occurs in the anticodon loop. *E. coli* anticodon loops, tRNA positions 32--38, contain 21 different nucleobase modifications. In the complement of *E. coli* tRNAs, position 34, which recognizes the wobble position of a codon, may be modified to 1 of 14 non-AUGC bases to allow a single tRNA to read multiple codons. A single *E. coli* tRNA, tRNA^Arg2^, includes inosine modification of position 34, which allows one tRNA to decode three arginine codons: CGU, CGC and CGA. Position 37, directly 3′ of the anticodon, may be modified to 1 of 7 non-AUGC bases ([@B14]--[@B16]). The large diversity of modifications that occur in the anticodon loop often have direct effects on the fidelity of translation, particularly modulating the reading of codons at the wobble position and helping to maintain the reading frame.

![(**A**) Sequence and secondary structure of *E. coli* tyrosyl tRNA molecule. Modified nucleobases are indicated. (**B**) Backbone trace of tRNA structure (pdb 1EHZ), color coded to match secondary structural elements in (A).](gkw948fig1){#F1}

The introduction of an orthogonal tRNA/aminoacyl tRNA synthetase pair into a host organism enables the mRNA-directed incorporation of a non-canonical amino acid ([@B17],[@B18]). An orthogonal aaRS does not recognize the natural complement of the host organism\'s tRNAs, and an orthogonal tRNA is not recognized by the host organism\'s suite of aminoacyl tRNA synthetase enzymes. In *in vivo* translational systems, the orthogonal tRNA interacts with the proteins that constitute the host\'s translational system (e.g. endogenous aaRSs, elongation factors and tRNA modifying enzymes). To date, the majority of work expanding the genetic code has focused on re-engineering existing orthogonal tRNA/aaRS pairs to activate additional non-canonical amino acids and improving levels of ncAA incorporation using these orthogonal pairs ([@B19],[@B20]). These efforts target advancing systems with expanded genetic codes at the first and second levels of the genetic code: improving interactions between the orthogonal tRNA species and the mRNA codon, typically the amber stop, and enhancing interactions between the orthogonal tRNA and its cognate aaRS in order to increase the concentration of aminoacylated tRNA available to decode an mRNA codon.

The number of codons that may be utilized for ncAA incorporation presently is limited. Most commonly, ncAAs are incorporated in response to the UAG amber stop codon. The amber stop codon is employed principally because it is the least commonly used codon in the *E. coli* genome. The introduction of an ncAA in response to a stop codon has the benefit of truncating any protein that fails to incorporate the ncAA, leading to high purity of the modified protein. The disadvantage of suppressing a stop codon is that competition with the normal termination functions leads to exponentially reduced protein yields when attempting to incorporate more than one copy of an ncAA. In general, the suppression of stop codons limits ncAA incorporation to a single position in a given protein. The Sakamoto, Wang and Church laboratories engineered different sets of genomic changes in *E. coli* that mitigate the usual cytotoxic effect of deletion of the release factor that competes for decoding the amber stop signal ([@B21]--[@B23]). These efforts have produced cells where the meaning of the amber codon is 'free' and may be utilized to encode multiple copies of a non-canonical amino acid, generating a 21 amino acid genetic code. However, none of the methods is easily extendable to additional codons.

An alternative approach to incorporation of non-canonical amino acids, residue specific reassignment, allows for the multisite incorporation of ncAAs, but requires replacement of every occurrence of one natural amino acid with the ncAA. Residue specific reassignment operates through precisely controlling the growth medium such that the targeted natural amino acid is removed and replaced by a ncAA that is a close structural analog ([@B24]--[@B27]). The ncAA is utilized in translation in place of the removed natural amino acid, resulting in proteins with high levels of non-canonical amino acid incorporation at multiple sites without appreciable reductions in yield. The genetic code under reassignment conditions is an altered 20 amino acid code rather than an expanded code because one natural amino acid must be removed entirely.

A recently developed strategy combines aspects of the amber suppression and residue specific methods: breaking the degeneracy of the genetic code in order to reassign the meaning of individual sense codons. Sense codon reassignment has the potential to enable the simultaneous incorporation of multiple copies of multiple ncAAs into proteins ([@B28]). The genetic code is degenerate: the 61 sense codons specify 20 canonical amino acids. 18 of the 20 canonical amino acids are encoded by more than one codon. In *E. coli*, 43 tRNA species decode the 61 sense codons. The subset of 21 codons that are read through wobble interactions are potential targets for sense codon reassignment. Tirrell *et al*. reported the first example of breaking the degeneracy of the genetic code by incorporating ncAAs in response to one of two Phe codons ([@B28]). Recent reports have described the incorporation of ncAAs in response to reassigned rare arginine, isoleucine and serine codons ([@B29]--[@B34]).

We recently reported sense codon reassignment at lysine AAG, histidine CAU, asparagine AAU and phenylalanine UUU codons ([@B35]). Our evaluation utilized the orthogonal *Methanocaldococcus jannaschii* (*M. jannaschii*) tyrosyl tRNA and aaRS pair most commonly employed for the introduction of ncAAs. The *M. jannaschii* pair has been evolved to recognize and activate over 100 different ncAAs ([@B3],[@B19]). We found that the degeneracy of the genetic code could be broken at each of the four sense selected codons with between 1% and 6% efficiency simply by introducing a variant of an engineered *M. jannaschii* tyrosyl tRNA (tRNA^Opt^, ([@B36])) with an altered anticodon designed to recognize one of the selected codons through Watson--Crick base pairing. The levels of sense codon reassignment may be improved through directed evolution. The finding that many sense codons could be reassigned with the *M. jannaschii* system is significant because the anticodon is often an important identity element that allows a specific aaRS to recognize its appropriate tRNA. Changing the anticodon may affect the efficiency with which an amino acid is attached to the tRNA. In order for sense codon reassignment to be possible, the nucleotide changes in the anticodon of the orthogonal tRNA required to read the selected sense codon must not abrogate the interaction with the cognate orthogonal aminoacyl tRNA synthetase.

Breaking the degeneracy of the genetic code is likely optimal when the anticodon of the orthogonal tRNA pairs with a single sense codon on the mRNA. We utilized our GFP-based screen to evaluate the tendency of the *M. jannaschii* tyrosine-charged tRNA^Opt^ with an altered anticodon to decode other codons via non-Watson--Crick base pairing ([@B35]). For three of the four codons, Lys AAG, Asn AAU and Phe UUU, we found that tRNA^Opt^ with an altered anticodon discriminated between the two sense codons that specify each canonical amino acid. However, when tRNA^Opt^ was altered to include an AUG anticodon (tRNA^Opt^~AUG~) to decode one of two histidine codons, both the targeted CAU and the CAC histidine codons were decoded to approximately equal extent.

Relative to efforts to improve the behavior of orthogonal translational components through engineering mRNA codon/orthogonal tRNA anticodon interactions and orthogonal tRNA/aaRS interactions, little effort has been devoted to consideration of the third level of the genetic code: interactions between the orthogonal tRNA and host tRNA modifying enzymes. In this report, we describe experiments that identify a modification of tRNA^Opt^~AUG~ as the cause of the aberrant lack of discrimination between the two histidine codons. tRNA^Opt^~AUG~ is a substrate for the A to I deaminase TadA that is essential for maturation of the *E. coli* tRNA^Arg2^. The resulting tRNA^Opt^~IUG~ has inosine at the first anticodon position and is capable of incorporating the amino acid it carries in response to both the CAU and CAC codons. We utilized directed evolution and our fluorescence-based screen to identify orthogonal tRNA variants that are not substrates for TadA and allow increased reassignment of the histidine CAU codon with high discrimination for the CAC codon. The unexpected modification of an orthogonal tRNA is, to our knowledge, the first described instance of a clash between genetic code engineering and tRNA modifications. These results highlight the fact that tRNA modifications should not be disregarded, as they may be both an obstacle to and target for genetic code engineering.

MATERIALS AND METHODS {#SEC2}
=====================

Cell strains and vector composition and construction have been described in detail previously ([@B35]); brief summaries are provided as Supplementary Material (S1--S3). pWB_Ultra plasmids used in this study differ from those reported only in the nucleotides corresponding to positions 32 through 38 of the tRNA^Opt^ genes (Supplementary Table S1). Variants of pGFP reporters used in this study differ from those reported only in the sense codon that specifies the fluorophore position 66 (Supplementary Table S2) ([@B37]). Each histidine residue in GFP is encoded by a CAC codon in our reporter constructs; the only CAU codon in the reporter vectors occurs at position 66 to specify the critical fluorophore position. The GFP-based screen utilized to quantify sense codon reassignment has been described ([@B35]); details are provided as Supplementary Material (S4).

Identification of inosine in tRNA anticodons {#SEC2-1}
--------------------------------------------

The complement of tRNA molecules was extracted from NEB 5-alpha cells harboring a pWB_Ultra plasmid ([@B38]). Briefly, RNA was precipitated by phenol:chloroform extraction from cell lysates; a detailed protocol is provided in the Supplementary Material (S5). A total of 2.5 μl of extracted RNA solution was used as the template for reverse transcription with primers specific for either *E. coli* tRNA^Arg2^ (primer LW, Supplementary Table S3) or *M. jannaschii* tRNA^Opt^ (primer LZ, Supplementary Table S3). Reverse transcription was performed using SuperScript IV reverse transcriptase (Thermo Scientific) according to the manufacturer\'s instructions. Duplicate reactions to which no reverse transcriptase was added were included as negative controls to ensure subsequent PCR amplification resulted from tRNA as opposed to contaminating DNA. The cDNA products from the reverse transcription reactions were amplified with Taq polymerase (New England Biolabs) using primer LX and either primer LY or primer CC (Supplementary Table S3). PCR products were purified using the GeneJET PCR Cleanup kit (Thermo Scientific) and analyzed by agarose gel electrophoresis. Amplified cDNA products were sequenced with primer LX (*M. jannaschii* tRNA^Opt^ products) or primer LY (*E. coli* tRNA^Arg2^) (Genewiz LLC). Sanger sequencing .ab1 files were converted to .xml files using abi2xml.exe (freely available at [www.abi2xml.sourceforge.net](http://www.abi2xml.sourceforge.net)). Figures were created by importing data lines from the .xml file into Microsoft Excel.

Construction of the tRNA anticodon loop library {#SEC2-2}
-----------------------------------------------

A 64 member library of nucleotide variants at positions 32, 37 and 38 of the *M. jannaschii* tRNA^Opt^~AUG~ (Figure [1A](#F1){ref-type="fig"}) was generated via Kunkel mutagenesis using primer JQ (Supplementary Table S3). Plasmid pWB_Ultra-Tyr-(XhoI) has an XhoI restriction site in the anticodon position of the tRNA and was used as an inactive template for library construction. Primer JQ allows A, C, G or U to be incorporated at positions 32, 37 and 38 and restores the AUG anticodon. Nearly all domains of life feature a conserved uridine at position 33 ([@B14]--[@B16]); this position was not varied. A total of 5 μg of pWB_Ultra-Tyr-(XhoI) ss dU DNA were used as template for library construction. Library DNA was electroporated into SS320 cells. A total of 10 μl of the 1000 μl transformation recovery were plated to determine transformation efficiency. The electroporation yielded 4 × 10^9^ unique transformants. PCR products from 8 of 13 of these colonies were not able to be digested by XhoI, suggesting a mutagenic efficiency of ∼60%.

tRNA molecules are inherently highly structured, and mutation of these polynucleotides is challenging. The introduction of an XhoI restriction site into the template DNA provides a handle for improving the efficiency of mutation in addition to utilization of uridine-enriched template DNA ([@B39]). The remaining 990 μl of the library transformation recovery media was diluted 5-fold into LB/spectinomycin 50 μg/ml media and grown for 5 h at 37°C with shaking. Isolation of DNA from 5 ml of culture yielded 7.4 μg of double stranded DNA, 2 μg of which were restricted using XhoI (New England Biolabs) at 37°C for 1 h. Following PCR spin kit cleanup and elution in 35 μl ultrapure water, one-half of the restricted DNA was transformed into SB3930 cells harboring the pGFP66cau reporter plasmid. The electroporation yielded 4 × 10^6^ unique transformants. PCR products from 13 of 13 evaluated colonies were not susceptible to XhoI digestion, suggesting that all transformants were library members.

RESULTS AND DISCUSSION {#SEC3}
======================

Motivated by a general interest in reassigning the meaning of sense codons for incorporation of ncAAs into proteins *in vivo*, we recently reported a screen to evaluate the sense codon reassignment potential of the *M. jannaschii* tyrosyl tRNA/aaRS orthogonal pair ([@B35]). The screen exploits the absolute requirement for an active site tyrosine in green fluorescent protein (GFP). The screen monitors the restoration of GFP fluorescence by incorporation of tyrosine at position 66 in response to a sense codon typically assigned another meaning in the genetic code (Figure [2](#F2){ref-type="fig"}). When the sense codon at position 66 is read by *M. jannaschii* tyrosine-charged tRNA^Opt^, tyrosine is incorporated, and the resulting protein is fluorescent. When the sense codon is decoded by an endogenous *E. coli* tRNA, another canonical amino acid is incorporated, and the resulting protein is not fluorescent. The screen provides a quantitative measurement of sense codon reassignment by providing a combined measurement of the extent to which the orthogonal *M. jannaschii* tyrosyl aaRS recognizes and aminoacylates an *M. jannaschii* tRNA with an alternative anticodon and the extent to which the altered orthogonal tRNA competes against *E. coli* tRNA species to decode the codon specifying the essential tyrosine position of GFP.

![Depiction of the fluorescence-based screen utilized to evaluate sense codon reassignment.](gkw948fig2){#F2}

Our initial evaluation assessed the levels of codon reassignment and synonymous codon discrimination at phenylalanine, histidine, asparagine and lysine codons. Unlike the high levels of codon discrimination observed for the Phe, Asn and Lys codons, tRNA^Opt^~AUG~ reassigned the CAU codon with an efficiency of 5% and the CAC codon with an efficiency of 4%. The lack of discrimination between histidine codons was initially puzzling. The nominal interactions determining discrimination for the synonymous Phe, Asn and His codons are identical. For sense codon reassignment of His CAU, Phe UUU and Asn AAU, we introduced an orthogonal tRNA^Opt^ with an adenosine in the first anticodon position to specifically pair with the uridine-ending codon read via a wobble interaction by the *E. coli* tRNA. The energetic preference for Watson--Crick over wobble interactions was expected to strongly bias reassignment of one of the two degenerate codons ([@B28],[@B40]). For histidine, phenylalanine and asparagine, *E. coli* contains a single tRNA species with a guanosine in the first anticodon position, position 34, that decodes two codons: one codon is read via a canonical Watson--Crick base pairing interaction (G-C), and the other codon is read via an energetically less favorable wobble interaction (G-U). In the case of Asn and His tRNAs, the guanosine is modified to queosine (Q), a nucleobase that pairs equally with C and U.

The supplied sense codon suppressing tRNA^Opt^~AUG~, tRNA^Opt^~AAA~ and tRNA^Opt^~AUU~ each include an adenosine at position 34, a feature uncommon in *E. coli* tRNAs. Only a single *E. coli* tRNA, tRNA^Arg2^, is genetically-encoded with an adenosine at position 34. Although the anticodon of tRNA^Arg2^ is genetically encoded as ACG, the functional form requires modification of the anticodon to ICG, where 'I' is the deaminated adenosine base, inosine. Inosine pairs with U, C and A, and the presence of inosine in an anticodon allows a single tRNA species to decode three codons, in this case CGU, CGC and CGA ([@B41],[@B42]). The enzyme responsible for A to I deamination of position 34 of the *E. coli* tRNA^Arg2^, TadA, was recently identified ([@B43]--[@B45]). The set of interactions important for modification of a tRNA by TadA have not been definitively mapped, but have been localized to the anticodon stem loop. *E. coli* TadA was unable to deaminate the typically-deaminated yeast and human tRNA^Ala^ species. Full TadA activity was maintained on truncated stem loop substrates with the Arg2 tRNA sequence, but TadA did not deaminate an adenosine equivalent to position 34 of a full tRNA in truncated stem loop substrates with a subset of nucleotide variations at positions 35 or 36 ([@B43]).

Evaluation of inosine modification of *M. jannaschii* tRNA^Opt^~AUG~ {#SEC3-1}
--------------------------------------------------------------------

In comparing the sequences of the *E. coli* tRNA^Arg2^ and the orthogonal *M. jannaschii* tRNA with an AUG anticodon, marked similarities and differences were apparent. The anticodon stems of the two tRNA species were largely different in sequence, sharing only one of five base pairs. The anticodon loops of precursor tRNA^Arg2^~ACG~ and tRNA^Opt^~AUG~ were remarkably similar in sequence, differing only by a single nucleotide, position 35, the middle of the anticodon (Figure [3](#F3){ref-type="fig"}). We hypothesized that tRNA^Opt^~AUG~ was a substrate for TadA, resulting in tRNA^Opt^~IUG~. An IUG anticodon would theoretically be able to decode CAC, CAU and CAA codons and would explain the lack of discrimination observed for the two synonymous histidine codons. Phe and Asn codon reassigning tRNA^Opt^~AAA~ and tRNA^Opt^~AUU~ differ from the precursor tRNA^Arg2^~ACG~ at both positions 35 and 36. The combined differences make modification of tRNA^Opt^~AAA~ and tRNA^Opt^~AUU~ by TadA less likely.

![Comparison of anticodon stem loop sequences of *M. jannaschii* tRNA^Opt^~AUG~ and *E. coli* tRNA^Arg2^~IUG~. Modified bases in the *E. coli* tRNA are labeled. The inosine modification of A34 confirmed in this work is the only modification noted in *M. jannaschii* tRNA^Opt^~AUG~. Other modifications that have not yet been identified may exist.](gkw948fig3){#F3}

Inosine modification of RNA may be detected by reverse transcription, amplification and sequencing of the resulting cDNA ([@B43],[@B46]). Unmodified adenosine at position 34 of the tRNA is expected to trigger incorporation of only thymidine during reverse transcription. Inosine pairs most stably with cytidine and is expected to trigger significant incorporation of cytidine during reverse transcription. The complement of tRNAs was isolated from overnight cultures by phenol:chloroform extraction. Sanger sequencing of cDNA products replicated from the isolated tRNA fraction confirmed the incorporation of cytidine in response to the nucleotide at position 34 of both the *E. coli* tRNA^Arg2^~ICG~ and the *M. jannaschii* tRNA^Opt^~AUG~. The chromatogram for the *E. coli* tRNA^Arg2^, which is presumably nearly quantitatively modified, shows almost exclusive incorporation of cytidine, indicating the presence of inosine (Figure [4B](#F4){ref-type="fig"}). The chromatogram for the original tRNA^Opt^~AUG~ shows an approximate 50:50 mixture of cytidine and thymidine (Figure [4A](#F4){ref-type="fig"}), suggesting that this tRNA is partially modified to inosine at position 34. The tRNA sequencing traces suggest that the lack of discrimination observed for the *M. jannaschii* tRNA^Opt^~AUG~ was the result of anticodon modification to IUG, leading to increased decoding of the CAC codon.

![Sequence traces of reverse transcribed isolated tRNA species for (**A**) *M. jannaschii* tRNA^Opt^~AUG~, (**B**) *E. coli* tRNA^Arg2^ and (**C**) *M. jannaschii* tRNA^Opt^~AUG~ variant B5 identified from the anticodon loop library (traces of additional isolated tRNA variants are shown in Supplementary Figure S1). The sequenced stand corresponds to the reverse complement of the tRNA sequence. The portion of the chromatograms that correspond to the anticodon are italicized and bolded. The position corresponding to first anticodon position of the A to I modification is underlined. At position 34, observation of C is indicative of inosine modification; observation of T is indicative of unmodified adenosine.](gkw948fig4){#F4}

The canonical wobble rules suggest that inosine should pair with U, C and A. The ability of the *M. jannaschii* Tyr-tRNA^Opt^~IUG~ to incorporate tyrosine in response to the CAA glutamine codon was examined, but no fluorescence was detected when the reporter GFP variant included a CAA codon specifying the fluorophore tyrosine residue at position 66. The lack of incorporation in response to CAA codon is likely due to the high abundance of *E. coli* Glu-tRNA~UUG~ relative to the amount of Tyr-tRNA^Opt^~IUG~ in the cell. The tRNA^Gln1^~UUG~ which directly decodes the CAA codon is the second most abundant *E. coli* tRNA ([@B47]).

Directed evolution of the *M. jannaschii* tRNA^Opt^~AUG~ anticodon loop increases sense codon reassignment and prevents inosine modification of adenosine 34 {#SEC3-2}
------------------------------------------------------------------------------------------------------------------------------------------------------------

The TadA substrate recognition elements in tRNA^Arg2^ have not been fully mapped, but the anticodon loop was shown to be an important factor ([@B43]). We have reported that alterations to nucleotides flanking the anticodon are capable of increasing sense codon reassignment of Lys AAG codons by tRNA^Opt^~CUU~ ([@B35]). We hypothesized that variation within the anticodon loop of tRNA^Opt^~AUG~ could simultaneously increase the efficiency of sense codon reassignment at CAU codons and decrease deamination of position 34 by TadA, leading to increased discrimination between CAU and CAC codons. We constructed a focused library of 64 tRNA^Opt^~AUG~ variants with diversity at nucleotide positions 32, 37 and 38 in the anticodon loop. The universal U33 was maintained.

The tRNA anticodon loop library was screened using a sfGFP reporter with a CAU codon at position 66. In a screen of 85 colonies from the library, 34 samples had detectable fluorescence and 17 colonies showed fluorescence equal to or greater than the original tRNA^Opt^~AUG~. The highly fluorescent colonies appeared to be clustered in groups of approximately equal fluorescence, and 6 colonies representing the apparent groups were selected for further characterization. The vector DNA specifying the orthogonal translational machinery from each of these colonies was isolated and sequenced (Table [1](#tbl1){ref-type="table"}). Colony G10 was identified as the original tRNA^Opt^~AUG~ with no mutations to the anticodon loop; this variant was not characterized further. Each of the other five variants had at least one mutation in the anticodon loop, and two of these clones had multiple mutations. Alterations at each position included in the library (32, 37 and 38) result in improved reassignment of the CAU codon.

###### Sanger sequencing of reverse transcribed cDNA from isolated tRNA fractions

  Variant           tRNA Nucleotide Number                                    
  ----------------- ------------------------ ----- ----- ----- ----- -------- -----
  tRNA^Opt^~IUG~    `C`                      `U`   `I`   `U`   `G`   `A`      `A`
  tRNA^Arg2^~ICG~   `C`^a^                   `U`   `I`   `C`   `G`   `A`^b^   `A`
  Colony B5         `U`                      `U`   `A`   `U`   `G`   `G`      `U`
  Colony C1         `C`                      `U`   `A`   `U`   `G`   `A`      `C`
  Colony E2         `C`                      `U`   `A`   `U`   `G`   `A`      `U`
  Colony G10        `C`                      `U`   `I`   `U`   `G`   `A`      `A`
  Colony G11        `A`                      `U`   `A`   `U`   `G`   `A`      `C`
  Colony H2         `C`                      `U`   `A`   `U`   `G`   `G`      `A`

^a^Position is modified to thiocytidine.

^b^Position is modified to 2-methylthio-N6-isopentenyladenosine.

The five selected tRNA anticodon loop variants were evaluated for their ability to discriminate between the CAU and CAC codons. Each variant showed improved codon discrimination, suggesting that the mutations that improved the efficiency of sense codon reassignment of CAU also mitigated the A34I modification (Figure [5](#F5){ref-type="fig"}). The original tRNA^Opt^~AUG~ incorporated tyrosine in response to 5.1% of histidine codons, with a 3:2 preference for CAU over CAC codons. The incorporation of tyrosine in response to the CAC codon by the five tRNA^Opt^~AUG~ library variants was at or below the limit of detection for our in cell assay, 0.2% reassignment. The most improved systems expressing the tRNA variants selected from the library exhibit at least a 98:2 preference for CAU over CAC codons, a significant improvement compared to the 3:2 preference observed with the original tRNA^Opt^~AUG~. The tRNA fraction from cells expressing the tRNA^Opt^~AUG~ variants was isolated and sequenced. Sanger sequencing of reverse transcribed cDNA from the isolated tRNA fractions showed exclusive incorporation of thymidine, indicating that all five clones had unmodified adenosine in position 34 rather than inosine (Figure [4C](#F4){ref-type="fig"} and Supplementary Figure S1). Although not all possible combinations of mutations were observed, mutations at positons 32, 37 or 38 of the tRNA^Opt^~AUG~ appear to eliminate recognition of tRNA^Opt^~AUG~ as a substrate for TadA and improve the reassignment efficiency of the targeted CAU codon.

![Codon discrimination for selected tRNA variants. Reassignment efficiencies reported as the observed optical density-corrected fluorescence divided by the optical density-corrected fluorescence of wild-type GFP for each orthogonal pair measured in response to CAU and CAC histidine codons specifying Y66 of GFP.](gkw948fig5){#F5}

Prevention of inosine modification improves health of sense codon reassigning cell systems {#SEC3-3}
------------------------------------------------------------------------------------------

In general, cell growth rates for sense codon reassigning systems are slowed slightly relative to control systems in which no sense codon reassignment occurs. The maximum optical densities (carrying capacity) for cells expressing the *M. jannaschii* tRNA^Opt^~IUG~ average 75% of the maximum OD~600~ of the two control systems (Supplementary Figure S2). Each tRNA^Opt^~AUG~ variant identified from the tRNA anticodon loop library grows to an increased relative maximal optical density, ranging from 84--90% of the two control systems. The wild-type GFP 100% and 0% 'no reassignment' controls each include an amber suppressing *M. jannaschii* tRNA^Opt^~CUA~ and aaRS which introduce tyrosine in response to amber stop codons. Inclusion of the machinery to reassign amber codons in the controls was intended to place a similar metabolic burden on all reassignment systems and attempt to minimize differences in growth profiles that could be a result of cells growing under different antibiotic conditions or with different expressed protein content.

The two synonymous histidine codons appear with approximately equal frequency throughout the *E. coli* genome; 55% of histidine is encoded by CAU and 45% of histidine is encoded by CAC. The orthogonal *M. jannaschii* tRNA^Opt^~IUG~ incorporated tyrosine in response to 3% of the CAU codons and 2% of the CAC codons in the GFP reporter, suggesting replacement of approximately 5% of the histidine codons throughout the *E. coli* genome. Given that the histidine side chain serves many important catalytic functions in proteins, we hypothesized that the decreased growth rates were symptomatic of cumulative negative effects of replacement of histidine with tyrosine. A more complicated explanation appears to be required, however, as each of the variants identified in the tRNA anticodon loop library exhibit both improved growth profiles and increased reassignment of histidine CAU codons throughout the *E. coli* genome. Variants H2, C1 and B5 appear to be reassigning twice as many histidine codons in the *E. coli* genome, yet exhibit more robust growth. Cell health and growth in reassignment systems is complicated and is not simply explained by the level of substitution of critical amino acids throughout the host\'s genome.

CONCLUSION {#SEC4}
==========

The *in vivo* modification of tRNAs by endogenous host enzymes must be taken into account when considering the utility and orthogonality of exogenous translational machinery. Over 100 different modified RNA nucleobases have been identified in RNA, and the majority of these modifications are found in tRNA molecules. The greatest diversity of modification centers around the tRNA anticodons and has direct effects on fidelity of translation. We observed an anomalous lack of histidine codon discrimination by the *M. jannaschii* tRNA^Opt^~AUG~ and demonstrated that tRNA^Opt^~AUG~ is a substrate for the *E. coli* deaminase TadA. *M. jannaschii* tRNA^Opt^~IUG~ was able to direct incorporation of the amino acid it carries in response to both the CAU and CAC codons. Sanger sequencing of cDNA products replicated from the *in vivo* tRNA transcripts confirmed that A34 is modified to inosine. We identified several *M. jannaschii* tRNA^Opt^~AUG~ anticodon loop variants from a focused library that simultaneously improved reassignment of the histidine CAU codon to tyrosine and decreased incorporation of tyrosine in response to the histidine CAC codon. The variations in the anticodon loop prevented recognition by TadA, resulting in maintenance of A34 in the first position of the anticodon. Despite higher overall levels of sense codon reassignment at the His CAU codon throughout the *E. coli* genome, sense codon reassignment systems featuring non-inosine modified orthogonal tRNAs showed improved cell health and growth profiles relative to the original *M. jannaschii* tRNA^Opt^~IUG~.

Variants of the *M. jannaschii* tyrosyl aaRS and tRNA are one of the most commonly utilized orthogonal pairs for incorporation of ncAAs into proteins. Although unintentional modification of orthogonal tRNA molecules has not yet been suggested as a factor influencing the incorporation of ncAAs in response to stop codons, the extent to which orthogonal tRNA molecules are substrates for endogenous host tRNA modifying enzymes has not been systematically investigated. The alteration of orthogonal tRNA molecules to direct ncAA incorporation in response to different sense codons is a next step in the expansion of the genetic code from 21 to 22 amino acids (and beyond). Alteration of tRNA sequences will expose orthogonal translational machinery to additional interactions with endogenous host tRNA modifying machinery and may result in the unintentional generation of substrates for endogenous host enzymes. The resulting modified tRNAs may demonstrate anomalous and unexpected behavior in the process of protein translation.

Recognizing tRNA modification as both a potential pitfall and avenue of directed alteration to improve systems with expanded genetic codes will be important as the field of genetic code engineering continues to progress. The hypermodification present in tRNA species across all domains of life will undoubtedly produce other complications in translation systems, but the modifications of tRNAs will also serve as a potential handle to increase ncAA incorporation.
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